Effects of brief vagal bursting on pacemaker periodicity and intranodal conduction were studied by recording rransmembrane potentials in isolated rabbit sinoatrial preparations. Postganglionic vagal terminals were activated by applying brief (50-to 150-msec) trains of pulses (duration, 100 jisec; frequency, 200 Hz) to the endocardial surface of the node. Sympathetic effects were prevented by super-fusion with Tyrode's solution containing propranolol (1 ^g/ml). Vagal trains applied singly every 10 seconds produced brief hyperpolarizations in 'true' pacemaker and transitional cells, and induced phasic changes in periodicity and conduction. These changes were out of phase with each other, and were dependent on the magnitude and duration of the vagal train, as well as on its position within the pacemaker period. When similar trains were applied repetitively at cycle lengths (200-1200 msec) that were independent of the pacemaker period, complex patterns of vagus-sinoatrial node interactions resulted. Hence, depending on the vagal stimulus cycle length, the sinoatrial pacemaker was forced to beat at stable and predictable harmonic (i.e., 1:1, 1:2, 2:1, etc.), subharmonic (3:2, 4:3, etc.), or more complex entrainment ratios. At some of these ratios, arrhythmic sinus patterns coexisted with intranodal conduction disturbances, including first-and second-degree block, Wenckebach phenomena, or combinations thereof. At other entrainment ratios, arrhythmias occurred in the absence of conduction changes. At still other ratios, conduction disturbances developed in the presence of apparently undisturbed sinus rhythm. These results provide insight into the mechanism of the dynamic vagal control of sinoatrial periodicity and conduction, and may have clinical implications as well. (Circ Res 54: 436-446, 1984) 
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Victor AJ. Slenter, Joseph J. Salata, and Jose Jalife From the Department of Pharmacology, S.U.N.Y., Upstate Medical Center, Syracuse, New York and Masonic Medical Research Laboratory, Utica, New York SUMMARY. Effects of brief vagal bursting on pacemaker periodicity and intranodal conduction were studied by recording rransmembrane potentials in isolated rabbit sinoatrial preparations. Postganglionic vagal terminals were activated by applying brief (50-to 150-msec) trains of pulses (duration, 100 jisec; frequency, 200 Hz) to the endocardial surface of the node. Sympathetic effects were prevented by super-fusion with Tyrode's solution containing propranolol (1 ^g/ml). Vagal trains applied singly every 10 seconds produced brief hyperpolarizations in 'true' pacemaker and transitional cells, and induced phasic changes in periodicity and conduction. These changes were out of phase with each other, and were dependent on the magnitude and duration of the vagal train, as well as on its position within the pacemaker period. When similar trains were applied repetitively at cycle lengths (200-1200 msec) that were independent of the pacemaker period, complex patterns of vagus-sinoatrial node interactions resulted. Hence, depending on the vagal stimulus cycle length, the sinoatrial pacemaker was forced to beat at stable and predictable harmonic (i.e., 1:1, 1:2, 2:1, etc.), subharmonic (3:2, 4:3, etc.), or more complex entrainment ratios. At some of these ratios, arrhythmic sinus patterns coexisted with intranodal conduction disturbances, including first-and second-degree block, Wenckebach phenomena, or combinations thereof. At other entrainment ratios, arrhythmias occurred in the absence of conduction changes. At still other ratios, conduction disturbances developed in the presence of apparently undisturbed sinus rhythm. These results provide insight into the mechanism of the dynamic vagal control of sinoatrial periodicity and conduction, and may have clinical implications as well. (Circ Res 54: 436-446, 1984) THE phasic effects of efferent vagal nerve bursting on cardiac pacemaker activity have been studied in a variety of preparations from several species (Donders, 1868; Brown and Eccles, 1934; Levy et al., 1969; Jalife and Moe, 1979a; , including man (Eckberg, 1976) . The use of perturbation, techniques in the study of dynamic vagussinoatrial (SA) node interactions has led to the demonstration that, whether it be generated directly (Levy et al., 1970; Jalife and Moe, 1979a) or reflexly (Katona et al., 1970; Iriuchijima and Kumada, 1963) , a brief vagal stimulus can alter the duration of the sinus nodal pacemaker period by an amount that depends on the timing, duration, and magnitude of the stimulus. This phasic sensitivity is the basis for the 'entrainability' of the sinoatrial pacemaker by brief vagal perturbations which, when applied repetitively, are capable of "correcting' the spontaneous cycle and of forcing the pacemaker to beat at periods other than its own intrinsic period . Previous studies have shown that the dynamic control of sinoatrial pacemaker activity is a direct one, and the various rhythms resulting from repetitive vagonodal interactions probably are mediated by changes induced in dominant pacemaker periodicity. Yet, vagal stimulation is also capable of inducing profound alterations in intranodal conduction (Lu et al., 1965) , and it is indeed possible that these alterations may have some influence in determining the ultimate patterns of vagus-SA node interaction.
The present study deals with the dynamic interactions between the parasympathetic nervous system and the sinoatrial node, with emphasis placed on the effects of repetitive vagal perturbations on pacemaker periodicity and intranodal conduction. The results show complex frequency-dependent patterns of interaction that can mimic clinically encountered rhythm and conduction disturbances. These data can be used to model several aspects of the reflex-mediated control of cardiac rate, rhythm, and conduction by the autonomic nervous system. Preliminary reports have been published elsewhere in abstract form Slenter et al., 1982) .
Methods
Experiments were performed in isolated sinus node preparations obtained from 14 New Zealand rabbits (1-2 kg) anesthetized with sodium pentobarbital (35 mg/kg, iv). The chest was opened by a sternum splitting incision, the heart was quickly removed and placed in an oxygenated (95% oxygen:5% CO 2 ) Tyrode's solution. Each prep-aration ( Fig. 1 ) consisted of the sinoatrial node (SAN), a portion of the interatrial septum (IAS), the crista terminalis (CrT), and a small portion of the right atrial (RA) free wall. After dissection, spontaneously beating preparations were pinned, endocardial surface up, to the paraffin bottom of a plexiglass chamber, and were superfused with a modified Tyrode's solution at a rate of 15 ml/min. The composition of the Tyrode's was (ITIM): NaCl, 130; NaHCO 3 , 24; NaH 2 PO^ 1.2; MgCl 2 , 1.0; CaCl 2 , 1.8; KC1, 4.0; and glucose, 5.6.
The experimental setup is illustrated in Figure 1 . Transmembrane potentials were recorded from the sinus node with glass microelectrodes filled with 3.0 M KC1 , and connected to high-input impedance amplifiers (WPI model 701). Two simultaneous intracellular recordings were obtained; one microelectrode (ME 1) was inserted into a cell in the dominant pacemaker region and the other (ME 2) in a transitional cell in the septal border of the sinoatrial node. These cells were identified at the beginning of the experiment by their action potential configurations and by their times of activation with respect to a bipolar surface recording in the crista terminalis. Electrical activity in the interatrial septum was recorded through a bipolar surface electrode [SE ( Fig.  1 )] connected to a low-level DC preamplifier (Grass model 7P1) and DC driver amplifier (model 7DA). In three experiments, continuous bipolar surface recordings were obtained from the crista terminalis. All recordings were made on a polygraph (Grass model 7B) at a paper speed of 100 mm/sec. The amplified signals were also displayed on an oscilloscope (Tektronix 5112), and photographed with a Grass C4 kymographic camera. Postganglionic vagal stimulation was achieved by a technique similar to that originally described by Vincenzi and West (1963) . A pair of stimulating electrodes was placed directly on the endocardial surface of the cephalic portion of the node (Fig. 1 ). Vagal stimuli were generated by a Frederick Haer P6i stimulator and consisted of brief (50-150 msec) trains of 5-30 biphasic pulses, 100 usec in duration, 15-25 V in amplitude, and frequency of 200 Hz. These stimuli were subthreshold for sinoatrial cells but were of sufficient strength to activate postganglionic nerve terminals. Activation of jS-adrenergic receptors was prevented by superfusing the preparation continuously with Tyrode's solution containing propranolol (1 mg/liter).
The experimental protocol was divided into two consecutive stages. In the first, the phasic effects of single vagal trains on the spontaneous pacemaker period were assessed. The upstroke of the amplified signal from the pacemaker cell was used to trigger the stimulator every 10 seconds. Systematic scans of the pacemaker cycle were achieved with vagal trains of several durations by varying the stimulus delay in 20-msec steps.
In the second part of the experiment, trains of vagal stimuli were applied repetitively at periods that varied between 200 and 1200 msec in 50-msec steps. These periods were independent of the pacemaker discharge. Several trains were applied at each vagal stimulus cycle length (VSCL) until a stable pattern of interaction was obtained, at which time repetitive stimulation at a new VSCL was applied.
The changes induced by the vagal inputs on pacemaker cycle length, transitional cell action potential amplitude, and intranodal conduction were measured directly from the polygraph records with a digitizer connected to a digital computer (DEC PDP 11/34). Measurements were done at the peak of the respective action potentials. Complete intranodal block was assumed when the action potential amplitude of the transitional cell was less than 40% of control. When conduction time was measured from the pacemaker cell to the septum or to the crista terminalis, the 'intrinsic' deflection of the activation complex in the surface recording was used as the reference. Conduction block was assumed to have occurred when this complex changed from biphasic to monophasic, or when it disappeared altogether. The error in measuring pacemaker cycle length or conduction times was less than 5 msec.
In three experiments, the surface electrode on the crista terminalis was used to pace the preparation at rates that were slightly above the intrinsic pacemaker rate. This was done to prevent any changes in basic cycle length after vagal stimulation, and to dissect out the actual variations in intranodal conduction induced by the vagal input from those generated by alterations in pacemaker periodicity.
Results

Effects of Single Vagal Trains on Pacemaker Cycle Length and Intranodal Conduction toward the Septum
Vagal stimulation can hyperpolarize pacemaker and transitional cells in the sinus node. Hence, in addition to their well-known effects on sinoatrial pacemaker periodicity, brief vagal stimuli applied at specific portions of the cardiac cycle can induce phasic changes in intranodal conduction. This is illustrated in Figure 2 , obtained from an isolated rabbit sinoatrial preparation. The top trace is a transmembrane potential recording from a true pacemaker cell in the cephalic portion of the node, and the bottom trace is from a transitional (T) cell in the septal border of the same region (ME 1 and ME 2, respectively, in Fig. 1 ). As shown by the initial discharges, the pacemaker in Figure 2 was beating at a free running period (T F R) of 320 msec; activation of the T cell occurred after a conduction time (CT) of about 25 msec. During the second pacemaker period, a brief (100-msec) vagal stimulus (VS) was applied at a phase ($) of 120 msec. After a latency (L) of about 110 msec, the stimulus hyperpolarized the pacemaker cell and delayed its next discharge by about 270 msec. Since, after several beats, the pacemaker returned to its original rhythm, the delay can be measured as a phase shift (A<t>) of the overt discharge with respect to the free running period.
In Figure 2 , the vagal train also hyperpolarized the T cell, with a latency and time course that were similar to those seen for the pacemaker cell. However, since the membrane potential of the T cell had not returned to its end-diastolic level when the pacemaker fired after the vagal stimulus, activation of the transitional zone was somewhat delayed, and there were manifest changes in intranodal conduction. Thus, T cell activation occurred after a slowly rising foot (arrow), action potential amplitude was diminished, and CT was delayed to 35 msec. These parameters returned rapidly to control levels.
A properly timed vagal input can impair conduction or even block the intranodal impulse before it can reach the interatrial septum. However, as illustrated in Figure 3 , the effects on conduction can be out of phase with the vagally mediated changes in pacemaker periodicity. Figure 3A shows control recordings from cells in the pacemaker region (top trace) and transitional zone in the septal edge of the sinus node (middle trace). The bottom trace is a bipolar surface recording of activity in the interatrial septum ( Fig. 1 ). In the absence of vagal stimulation, the dominant pacemaker was bearing at a freerunning period of 394 msec, and CT to the transitional cell was constant at about 65 msec. In panel Circulation Research/Vol. 54, No. 4, April 1984 394 500 msec 
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FIGURE 2. Effects of a brief vagal stimulus (VS) on transmembrane potentials of pacemaker (top trace) and transitional (bottom trace) cells in the isolated rabbit sinoatrial node. r n = free-running period (320 msec; see also broken traces); <t> = phast of VS; L = latency to hyperpolarization; Atf> = phase shift (i.e, delay) of pacemaker discharge; CT = conduction time from pacemaker to T-cell. Arrow indicates take-off potential from slowly rising "foot." Upstrokes
. Phasic effects of brief vagal trains on pacemaker periodicity and intranodal conduction toward the septum. In all panels, top trace is a transmembrane potential recorded from a true pacemaker cell, middle trace is from transitional cell in the septal edge of the node, bottom trace is surface recording from septum. Numbers on top indicate the respective pacemaker periods. Panel A is the control In panel B, a 50-msec train (horizontal bar) was applied early in the pacemaker cycle In panel C, a similar train was applied at a later phase. Vertical calibration corresponds to transmembrane potential recordings (top and middle traces). Same impalements were maintained throughout. Upstrokes retouched.
B, a brief (50-msec) train of supramaximal stimuli was applied to the postganglionic vagal terminals at a phase of 180 msec within the first pacemaker period (horizontal bar). After a latency of about 100 msec, a relative hyperpolarization was manifest in both impaled cells. This hyperpolarization delayed the subsequent pacemaker discharge and prolonged the cycle to 675 msec. Conduction of this impulse was also affected. A prominent foot preceded the second T cell response (panel B), which reached threshold after a significant delay and was lower in amplitude than the control. Consequently, septal activation (panel B, bottom trace) was delayed by about 40 msec. All parameters returned to their control values within a few beats.
In Figure 3C the position of the vagal input was shifted to a later phase (260 msec). This stimulus was too late to affect the riming of the pacemaker discharge which followed immediately and which occurred on schedule. All vagally mediated changes in pacemaker periodicity were postponed to the following cycles. In contrast, major effects on intranodal conduction were manifest less than 200 msec after the vagal input. In this case, pacemaker activation gave rise only to a subthreshold depolarization of the T cell, and the impulse was blocked before it could reach the septum.
Similar results from a more complete experiment are illustrated in Figure 4 , which shows the distinctly separate phasic responses of pacemaker periodicity and intranodal conduction that can be revealed when brief vagal trains are used to scan the sinoatrial pacemaker period. In panel A, the change in pacemaker cycle length is plotted on the left ordinate as a phase shift (A</>) of the pacemaker discharge with 
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respect to the free-running period (T F R), and as a function of the phase (<£) of the vagal input (see Fig.  2 ), both expressed in terms of percent of T FR . The right ordinate of Figure 4A shows the vagally mediated changes in T cell amplitude (open circles), plotted as absolute value (mV) and as a function of 4>. Starting at <p = 0, A<£ increased progressively from about 25% to a maximum of 80% at 4> = 65% TFR. In this experiment, the vagal train (100 msec in duration) had to occur at least 130 msec in advance of the next expected pacemaker discharge (i.e., at <p < 68% TFR) to have any effect on the duration of the pacemaker period. This latent phase is well within the limits (100-200 msec) described in previous publications (Jalife and Moe, 1979a; . However, as indicated by the open circles ( Fig. 4A) , the latent phase for the effects on T cell action potential amplitude was much briefer. Amplitude was slightly affected at early vagal input phases but was greatly diminished at phases between 71 and 78% of the free running period; i.e., at phases at which there was no effect on pacemaker periodicity. At later phases, the effects on T cell amplitude rapidly decreased and practically disappeared at 4> = 95% T F R or longer.
The effects on T cell action potential amplitude were associated with concomitant changes in conduction time across the septal edge of the node. In Figure 4B , the vagally induced phasic changes in pacemaker periodicity of the same preparation are replotted (dotted curve) to compare their phase dependency to that of the conduction time changes (black triangles). Complete conduction block (upward arrows) was manifest in the septum at vagal stimulus phases that induced major changes in T cell amplitude (panel A). However, at earlier phases (see panel B), major prolongation in pacemaker cycle length could be induced in the presence of relatively minor changes of intranodal conduction. Figure 5 summarizes the results obtained in 13 experiments in which the effects of brief trains of two different durations were used. The left ordinates again measure the changes in pacemaker periodicity; i.e., A0 (black circles) expressed in terms of percent of mean free-running period, as a function of vagal stimulus phase (abscissa). On the right ordinates, we have plotted the changes induced by the same stimuli on T cell amplitude (open circles), expressed as a fractional change (A) from control (A = 0), and pacemaker to T cell conduction time (black triangles) expressed in msec. All data are plotted as mean values ± SEM. In the absence of vagal stimulation, the mean free-running period was 349 ±10.1 msec and the mean conduction time was 42 ± 6.6 msec. The results in both panels illustrate the phasic nature of the effects and the distinct separation of the responses. In panel A, vagal trains, 50 msec long, applied during the first half of the cycle induced relatively small and variable alterations in T cell amplitude and intranodal conduction, and caused progressively greater prolongation of the pacemaker period. At phases of 50% T F R or longer, the effects on T cell amplitude and conduction rapidly increased, reaching a maximum at <f> = 60% TF R . At this phase, the vagal input induced complete block in six of the experiments (which translated into an increase in the variability of the conduction data), whereas it prolonged the pacemaker period by only 8% from control. Beyond this point, the vagal input was no longer effective in delaying the pacemaker discharge which followed immediately. Yet, effects on T cell amplitude and conduction persisted up to about 90% T FR . The phasic changes induced by 100msec trains (panel B) on pacemaker periodicity were qualitatively similar, although of greater magnitude than those induced by the briefer trains. This is illustrated by the phase response curve in panel B
(black circles), which reached a peak of 68 ± 11% of the mean free-running period. On the other hand, the effects on amplitude (open circles) and conduction (not shown) were not only stronger, but they persisted for most of the first part of the cycle. In fact, at this vagal train duration, most preparations responded with complete intranodal block whenever the single vagal input was presented at 0 values between 0 and 60% T F R. Hence, when very strong vagal stimuli are used, the phasic nature of the response begins to disappear, even though a distinct separation of the latent phases may persist during the second half of the cycle.
Effects on Antegrade and Retrograde Conduction toward the Crista Terminalis
Phasic effects on conduction from the pacemaker region toward the crista terminalis were also apparent in our preparations. However, these effects were relatively weak, compared with those obtained for the septal side. The dramatic changes in action potential amplitude and concomitant blockade of the wavefront demonstrated at the level of the transitional septal region ( Figs. 3 and 4) , did not occur when the wavefront approached the crista terminalis. Figure 6 shows results obtained in one of three experiments in which the phasic effects of brief vagal stimuli on sinoatrial conduction to the crista terminalis were studied. The open circles show the data obtained when the preparation was beating spontaneously at a free-running period of 325 msec. 
FIGURE 6. Phasic effects of brief (100-msec) vagal trains on antegrade and retrograde conduction to the crista terminalis. Inset shows experimental set up. Simultaneous impalements were obtained from pacemaker region (ME1) and from crista terminalis (ME2). Postganglionic vagal trains were induced by stimulating the cephalic region of the node. Antegrade conduction data (open circles) were obtained from spontaneously beating preparation (free-running period = 325 msec). Retrograde conduction data were measured during stimulation of the crista terminalis (see inset) at a basic cycle length of 340 msec. Conduction time is plotted on the ordinate scale as a function of vagal stimulus phase ($), expressed in terms of percent of free-running (open circles) or driven (black triangles) periods. Curves were fitted by linear regression analysis assuming multiple break points.
Conduction time (ordinate) was measured at the upstroke of the action potential of two cells located on the same horizontal plane (inset) and less than 2 mm apart. One of these cells was within the pacemaker region and the other was in the crista terminalis. The changes induced by single 100-msec trains scanning the free-running period illustrate the phasic nature of the vagal effects. Stimuli applied early in the pacemaker cycle prolonged the conduction time from the control of 18 msec to about 40 msec at <f> = 0. This effect increased very gradually until <j> = 30% TFR, at which, conduction time declined rapidly, returning to control at 4> = 49% T FR . This point corresponded to the maximum change in pacemaker cycle length (i.e., maximum A<t>; not shown) induced by the same vagal stimulus. At later intervals, when the latent phase of A<f> (50% T F R or longer) was reached, and thus the pacemaker cycle length was no longer affected (see also Fig. 4) , conduction time was prolonged to a maximum of 60 msec. Thereafter, the vagal effect on conduction gradually declined until it disappeared at 80% T F R. The sudden improvement in sinoatrial conduction time observed at <£' s between 30 and 49% TFR, may have resulted from the accompanying changes in pacemaker cycle length. At these intervals, the vagal input may have prolonged the pacemaker period to an extent which prevents any conduction time changes from being manifest (Fig. 2) . In addition, the well-known cycle length dependence of sinoatrial conduction (Lipsius, 1983) may have contributed to such improvement. These cycle length-dependent effects on conduction were dissected out by driving the preparation at a basic rate that was slightly faster than the free running pacemaker rate (see Methods).
The phase-response curve shown by the black triangles in Figure 6 illustrates the vagally mediated effects on conduction in the same preparation, driven through a pair of surface electrodes located in the crista terminalis (see inset). The free-running period had increased spontaneously to 350 msec, and thus the driven cycle length was set at 340 msec. Conduction time, now measured from the crista to the pacemaker cell, was longer in the steady state (35 msec) than in the free-running situation (open circles). This may have resulted from a repetitive liberation of acetylcholine by the driving stimulus (Vincenzi and West, 1963) . Nevertheless, when the driven period was scanned with brief (100-msec) vagal trains similar to those applied to the freerunning preparation, the anomalous improvement in conduction was no longer present and the vagally mediated effects on conduction changed in a phasic manner. However, in spite of the fact that at intermediate phases the vagal input prolonged conduction by as much as 100 msec, we were unable to observe complete blockade in the direction of the crista terminalis. This was true for all three preparations studied in this manner. Yet, our data indicate that brief vagal bursts are indeed capable of inducing 441 phasic changes in sinoatrial conduction, even under the conditions in which the margin of safety for propagation is relatively high, as it normally is toward the crista terminalis.
The results also show that the changes in intranodal conduction are distinctly out of phase with those induced on pacemaker periodicity, and conditions can exist in which a brief vagal burst can affect conduction without altering pacemaker periodicity, and vice versa. These phenomena may have crucial importance in determining the dynamic control of sinoatrial activity by the repetitive, reflexly mediated vagal input.
Effects of Repetitive Vagal Input
A low margin of safety for propagation exists at the level of the transitional zone in the septal border of the rabbit sinoatrial node (Sano and Yamagishi, 1965; Bleeker et al., 1980) . We have therefore used this preparation as a model in which to study the effects of repetitive vagal input on sinoatrial pacemaker activity and conduction. In these experiments, brief (50-to 150-msec) trains of vagal stimuli were applied at periods that varied between 200 and 1200 msec and that were independent of the pacemaker period (see Methods). Figure 7 shows examples of the results obtained in one of these preparations. In all panels, the two superimposed traces correspond to the transmembrane potentials recorded from a cell in the pacemaker region and a transitional cell in the septal edge of the node; note different activation times and action potential configurations. The bottom trace is a bipolar surface recording of endocardial activity in the interatrial septum (see Fig. 1 ). The same impalements were maintained throughout the experiment. Panel A is the control. The pacemaker was beating at a stable free-running period of 325 msec. Intranodal conduction was relatively prompt and unimpaired, as shown by the constant activation time of the transitional cell (90 msec), and by the sharp biphasic deflections in the bipolar septal recording.
Panel B of Figure 7 shows records obtained during repetitive vagal stimulation (horizontal bars) at a cycle length of 350 msec. Each vagal train (100 msec) consisted of 20 pulses; each pulse was 100 jzsec in duration, 15 V in amplitude, and a frequency of 200 Hz. In the steady state, the trains occurred at phases that varied within a narrow range of 38-64 msec and forced the pacemaker to beat at a constant period of 350 msec; i.e., stable 1:1 entrainment was established. On the other hand, and in spite of a relatively slow and rhythmic pacemaker cycle, T cell amplitude and intranodal conduction were drastically affected by the vagal input. Indeed, at this vagal cycle length, every other pacemaker discharge was blocked before it reached the impaled T cell, and a pattern of 2:1 sinoatrial block was demonstrated.
In panel C, the vagal stimulus cycle length was increased to 500 msec, and completely different A B C 1 sec 10/14/81 FIGURE 7. Effects of repetitive vagal input on sinoatnal pacemaker activity and intranodal conduction (septal direction). In all panels, top traces are from pacemaker region (ME1; see Fig. 1 ), middle traces from T cell in the septal edge of the node (ME2, Fig. 1 patterns of entrainment and conduction emerged. In this case, the pacemaker was forced to beat at variable periods of about 350, 335, and 315 msec (mean = 333 msec), thus yielding a pattern of 2:3 entrainment. Conduction to the septum now blocked in a 3:2 manner, exhibiting Wenckebach periodicity (Mobitz type I intranodal block). These frequency-dependent phenomena are graphically demonstrated in Figures 8 and 9 , taken from an experiment in which 100-msec vagal trains were applied repetitively. In both illustrations, T cell amplitude, conduction time, pacemaker period (T), 54, No. 4, April 1984 and the phase (</>) of each vagal train are plotted for each successive beat at the indicated vagal stimulus cycle length (VSCL). In the example in Figure 8 , at a VSCL of 650 msec, dynamic vagus-SA node interactions resulted in wide variations of both pacemaker periodicity and intranodal conduction. Pacemaker periods varied between means of 325, 425, and 525 msec in a very stable and predictable pattern of 2:3 entrainment, with vagal stimulus phases alternating between 60 and 180 msec. This was accompanied by a major decrease in T cell amplitude every third beat, resulting in a 3:2 conduction block with Wenckebach periodicity. When the vagal cycle length was changed to 950 msec, the average entrainment ratio became 1:2, with the vagal input occurring at <p's between 30 and 70 msec. These phase intervals were too early to have an effect on the amplitude of the T cell action potential which followed immediately (Figs. 2, 3, and 4A) , and, hence, there were no major changes in intranodal conduction time. Increasing the VSCL to 1150 msec ( Fig. 9) , resulted in loss of stable entrainment. Under these conditions, the vagal stimulus occurred every 2.7 sinus discharges at variable 0's and the pacemaker became dysrhythmic, displaying large and apparently unpredictable variations in its period. However, major variations in T cell amplitude were apparent only after every seventh beat, thus exhibiting a pattern of 8:7 sinoatnal conduction block of the Mobitz type II. Finally, at a VSCL of 1200 msec, the interactions were such that pacemaker periodicity became quite rhythmic, and a relatively stable 1:3 entrainment pattern was established. In contrast, vagal effects on T cell amplitude and conduction became more frequent, giving rise to a pattern of 3:2 sinoatrial conduction of the Mobitz type II.
Results similar to those presented in Figures 7-9 were obtained in all 13 experiments whenever the entrainment paradigm was employed. In all cases, the resulting entrainment and conduction pattens were functions of the vagal stimulus period and of its magnitude. Furthermore, these patterns were predicted in all cases by the response curves obtained during single vagal train application (Figs. 2-6 ).
Discussion
Dynamic Vagal Control and Nonhomogeneity in the Sinus Node
Normally, vagal discharges appear in discrete bursts that are locked to the cardiac cycle (Jewett, 1964; Kunze, 1972) . Each time the systolic pressure pulse reaches the baroreceptors in the aorta and the carotid sinuses, it induces reflexly a brief train of efferent vagal discharges that appear at specific phases in the cardiac cycle (Iriuchijima and Kumada, 1963; Downings, 1979) . The phasic nature of the vagal discharge suggests that the dynamic control of the sinoatrial pacemaker is based, at least in part, on the entrainment characteristics of the pacemaker in response to the repetitive vagal input. This behavior, typical of many biological (Perkel et al., 1964; Jalife and Moe, 1979b; Winfree, 1980) and biochemical (Winfree, 1980) oscillators, can be approximated quite closely by experimental and mathematical models in which the sinus node is assumed to be composed of a group of homogeneous and closely coupled self-sustained oscillators, with a uniform sensitivity to the vagal input. However, the mammalian sinoatrial node is not a homogeneous system. It is, in fact, composed of several types of cells that are distinguishable anatomically (James, 1967) , as well as elecrrophysiologically (Brooks and Lu, 1972; Bleeker et al., 1980) . In addition, vagal nerve terminals are not homogeneously distributed throughout the sinoatrial region (Hayashi, 1962) , and the sensitivity to a vagal input may vary from one nodal region to another (Toda and West, 1967) .
A complex pattern of activation exists in the sinoatrial region which probably results from differences in the electrophysiological properties of the various types of cells composing the node (Bleeker et al., 1980) . The cardiac impulse, generated by the dominant pacemaker cells in the so-called 'compact* area (Bleeker et al., 1980) , spreads more or less asymmetrically through latent pacemaker and transitional cells in the periphery of the node, activating the atrium through preferential pathways in the crista terminalis (Sano and Yamagishi, 1965) . This lack of homogeneity indicates that a reflex vagal discharge may find the various types of nodal cells at different stages of activation or recovery and may alter not only the pacemaker rhythm, but the activation sequence, as well. Hence, the overt response of the cardiac pacemaker to a vagal perturbation may result from a combination of the effects on pacemaker periodicity and those exerted on intranodal conduction. Indeed, just as in the dominant pacemaker region, vagal stimulation can hyperpolarize latent pacemaker and transitional cells in the node (Fig. 2) , and can set the stage for the establishment of various degrees of intranodal conduction BEAT NUMBER impairment, or even blockade. This is especially likely to occur at the level of the interatrial septal border in which a low margin of safety for propagation already exists (Sano and Yamagishi, 1965; Bleeker et al., 1980) , but relatively large changes in antegrade and retrograde sinoatrial conduction can also be demonstrated in the direction of the crista terminalis ( Fig. 6 ; see also Hariman and Hoffman, 1982, their Fig. 12 ).
Cellular Mechanisms of Interaction Patterns
The cellular mechanism of the frequency dependent patterns of vagus-SA node interactions demonstrated in this study can be explained by the distinctly separate time course of the effects of each individual vagal input on pacemaker periodicity and intranodal conduction . These separate responses are not the result of an intrinsically different sensitivity of true and latent pacemaker cells to the cholinergic stimulus. As demonstrated in Figure 2 , vagal stimulation can produce membrane hyperpolarization in both true pacemaker and T cells. This hyperpolarization may be slightly different in magnitude in the two types of cell, but the latencies (70-100 msec) and time courses are almost identical. Our results show that the distinct separation of the response curves (Figs. 3-5) results from the different membrane potentials of pacemaker and T cells at the moment of the vagal input. For example, in Figure 3B , the brief vagal train hyperpolarized the pacemaker cell and delayed its approach to threshold. However, since hyperpolarization in the two cells was almost simultaneous, and since the diastolic potential of the T cell was practically recovered at the time at which the pacemaker fired, sinoatrial conduction suffered only a step delay (see also Fig. 2) . In contrast, a vagal train presented later in the cycle (Fig. 3C) was ineffective in delaying the pacemaker discharge which followed immediately. Yet, sufficient time was available for the vagal effects to begin before the T cell was activated by the sinus beat. Consequently, hyperpolarization prevented the T cell from reaching threshold and sinoatrial block was manifest.
There is little doubt that the reflex control of the heart rate is mediated in part by the phasic changes in pacemaker periodicity induced by the repetitive vagal burst. Yet, our results demonstrate that repetitive vagal discharges may also be expected to induce phasic changes in intranodal conduction. In addi-tion, our results show that these conduction changes are distinctly out of phase with those induced in pacemaker periodicity, and complex beat-by-beat interactions can develop, depending on the heart rate. It is very likely that the overt response of the sinoatrial pacemaker region results from these two distinctly separate effects.
Indeed, as a result of the phasic nature of the inhibitory effects, repetitive vagal stimulation at different cycle lengths can result in a variety of predictable patterns of entrainment and conduction. At some vagal cycle lengths, there may be large variations in pacemaker cycle length with little or no manifest change in intranodal conduction (Fig. 8) . At other vagal cycle lengths, large variations in intranodal conduction can be demonstrated in the absence of apparent rhythm disturbances (Figs. 7B and 9) . At still other cycle lengths, both parameters may be affected ( Fig. 9 ).
Clinical Implications
There are obvious clinical implications to these phasic phenomena, particularly in the case of sinoatrial disease in which the probabilities of intranodal and/or sinoatrial block may be enhanced (Ferrer, 1968) . As demonstrated in this study, a whole spectrum of cardiac rhythm and conduction disturbances can be generated by the dynamic vagus-SA node interactions. Undoubtedly, the entrainment behavior of the pacemaker in response to phasic vagal input plays a major role in determining the normal control of heart rate by the closely coupled baroreceptor reflex arc. However, if the reflex vagal discharge is also capable of producing major changes in sinoatrial conduction which are out of phase with effects on pacemaker periodicity, then it might be expected that complex arrhythmias and/or conduction patterns would develop in patients with structural sinoatrial disease.
Sinoatrial rhythm and conduction disturbances often appear in combination with alterations in AV conduction (Pick and Langendorf, 1979) . Furthermore, it has been established that there are also time-locked phasic effects of vagal activity on the AV nodal system (de la Fuente et al., 1969; Levy et al., 1969; Jalife et al., 1982) . As demonstrated here for the sinoatrial region, vagal effects on AV nodal conduction can be out of phase with the effects on pacemaker cycle by as much as 180 degrees (Levy et al., 1969) . Hence, it has been suggested that the reflex-mediated vagal burst can lead to periodic alterations in AV nodal conduction in the presence of apparently undisturbed sinus nodal pacemaker activity, and vice versa Jalife and Moe, 1983) . All of these data suggest that there might be a multiplicity of rhythm and conduction disturbances that could develop in patients with sinoatrial disease as a result of vagus-SA node-AV node interactions. We therefore propose that, in the analysis of complex arrhythmias, it is important to consider the position of the possible phasic discharge of the vagus within the cardiac cycle. This could be accomplished simply by obtaining simultaneous recordings of arterial pressure and the electrocardiogram, and by measuring the timing and amplitude of the systolic pressure pulse in relation to the electrical events.
